It affects 1/500 of the population, is the most commonly inherited cardiovascular disorder, and can present in apical, concentric, or septal forms. Although most patients are asymptomatic, sudden cardiac death can be the initial presentation of HCM. By retrospectively enrolling patients suspected of having three different types of HCM in the absence of epicardial coronary stenosis, we aimed to examine systolic and diastolic dysfunction and perfusion abnormalities using both Doppler echocardiography and state-of-the-art gated single-photon emission computerized tomography (SPECT) myocardial perfusion imaging (MPI) with a cadmium-zinc-telluride camera and thallium-201. Both regional perfusion and gated SPECT parameters were collected in addition to diastolic parameters from Doppler echocardiography. The results showed that mild ischemia was common in patients suspected of having HCM, with a mean summed stress score of 4.7 ± 4.9 (score 0-4 in 17-segment model). The patients with HCM were associated with discernible left ventricular mechanical dyssynchrony, especially those with the apical form. In addition, diastolic dysfunction was prevalent and early to late ventricular filling velocity ratios were significantly different between groups. By combining gated-MPI and Doppler data, the trivial functional changes in HCM may be identified.
. The apical form is relatively rare, and is more prevalent in Asians [18] [19] [20] . Hypertensive cardiovascular disease (HCVD) is another common cause of LVH [21] [22] [23] , in which the LV wall thickness is usually normal or ≤13 mm, and usually results in concentric remodeling/hypertrophy in most hypertensive patients 21, 24, 25 . However, HCM can coexist with hypertension, leading to difficulty in differentiating it from hypertensive heart disease 21, 23 . Compared to HCVD, patients with HCM are associated with a thicker right ventricular wall, greater ST-T changes, lower LV mass and fibrosis, and decreased tricuspid annular motion velocity early diastolic velocity (TAM-e′) 21, 22 . The patients with comorbid HCM and hypertension tend to be older, and have higher risks of diabetes, coronary artery disease, and non-cardiac death 23 . Myocardial ischemia devoid of epicardial coronary stenosis can be seen in patients with HCM 15 , which originates from microvascular dysfunction with severely blunted coronary flow reserve, as well as widespread myocyte remodeling and myocardial disarray 15, 26 . Stress single-photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is the most commonly used noninvasive approach to evaluate ischemia, and up to 25% of patients with HCM can be detected with either reversible or fixed defects 10, 27 . Abnormal perfusion on stress MPI can predict long-term survival and identify patients with a poor prognosis 27 . Both systolic and diastolic dysfunction can be observed in patients with HCM, and LV relaxation and diastolic filling usually precede the systolic abnormalities 15 . Electrocardiogram-gated SPECT (GSPECT) images can provide comprehensive information regarding perfusion and LV function 28, 29 . Conventional scanners indirectly convert gamma rays to an electric signal, and consist of Anger cameras (comprised of thallium-activated sodium iodide (NaI [Tl] ) crystals) and photomultiplier tubes (PMTs). A conventional SPECT scan usually requires 10 to 20 minutes for acquisition with an average spatial resolution of approximately 10-20 mm 30 . In contrast, a high-speed camera using cadmium zinc telluride (CZT) detectors directly converts gamma radiation to an electric signal with improved spatial resolution and count rates, resulting in a lower injected dose and reduced scanning time to approximately 5 minutes 31 . As a consequence of the use of CZT cameras for MPI, GSPECT has become a tool used in everyday practice.
The goals of this study were to evaluate dipyridamole-induced abnormalities in patients with patent coronary arteries and suspected of having HCM, and to analyze the patterns of perfusion and functional aberration by GSPECT CZT MPI and Doppler echocardiography.
Results
Fifty patients with suspected HCM were included in this study, and their characteristics are shown in Table 1 . The patients' mean age was 59.7 years ±12.4 years, and 50.0% (n = 25) of the study population was male. More than half of the patients had the concentric form (52.0%, n = 26), 34.0% (n = 17) had the septal form, and 14.0% (n = 7) had the apical form. Due to the retrospective nature of the study, most patients did not have sufficient information regarding their family history. According to the medical records, seven patients (14.0%) experienced unexplained syncope. Only one patient had non-sustained ventricular tachycardia, and expired two days after cardiac angiography. The calculated 5-year risk of SCD based on existing information was 1.484 ± 1.031(%); most patients (n = 47, 94.0%) had a low risk (risk < 4%), and three patients (6.0%) had an intermediate risk (risk ≥ 4% but < 6%), indicating relatively mild disease in our included cases. Most patients (76.0%, n = 38) were comorbid with hypertension, and 56.0% (n = 28) were either current or ex-smokers. There were no statistically significant differences in age, gender, comorbid hypertension or 5-year risk of SCD between the three forms ( Table 2) .
MPI parameters. The MPI variables are summarized in Table 2 . The mean summed stress score (SSS) was 4.7 ± 4.9 (range 0-26), with approximately half of the patients having an SSS ≥ 4, indicating at least mild ischemia after stress. There were no significant differences in the parameters including SSS, summed rest score (SRS), summed difference score (SDS), post-stress left ventricular ejection fraction (LVEF), resting LVEF, difference of LVEF between post-stress and rest (∆LVEF), post-stress lung-heart ratio (L/H), resting L/H, post-stress total perfusion deficit (TPD), resting TPD, post-stress end-diastolic volume (EDV), resting EDV, post-stress end-systolic volume (ESV), and resting ESV among the three groups.
For the phase analysis data, compared to the normal data established by Chen et al. 32 , the patients with suspected HCM had significant mechanical dyssynchrony. Post-stress skewness and kurtosis showed significant differences among the three forms, being highest in the concentric form and lowest in the apical form, suggesting less mechanical synchrony in the patients with apical HCM. In addition, although not statistically significant, most patients with the apical form showed a trend towards higher SSS, SRS, SDS, phase standard deviation (SD) and phase histogram bandwidth, as well as lower LVEF, ∆LVEF, resting phase histogram skewness and kurtosis.
Comparing post-stress data and resting data, there were no differences in LVEF, TPD, EDV, ESV, phase SD and phase histogram bandwidth. The L/H ratio was larger after stress (P within = 0.04). In addition, phase histogram skewness and kurtosis were different between post-stress and resting status (P within < 0.01), revealing more synchronous contraction after stress, especially in the concentric group.
Echocardiography parameters. The echocardiographic variables are summarized in Table 3 . All of the patients had a LVEF > 50% by M mode; therefore we used the normal-LVEF algorithm in the 2016 American Society of Echocardiography (ASC)/European Association of Cardiovascular Imaging (EACVI) guidelines 33 to evaluate diastolic function. Diastolic parameters including peak velocities of transmitral flow at early filling (E) and atrial filling (A), derived E/A ratio, deceleration time (DT) at early filling, tricuspid regurgitation jet maximal velocity (peak TR velocity) and tricuspid regurgitation maximum pressure gradient (TRmaxPG) were recorded. Tissue Doppler imaging was performed in some cases, and data including peak velocities of the mitral annulus (e') and E/e' ratio were also acquired. Due to the retrospective nature of this study, some data required in the latest SCIENTIFIC REPORTS | (2018) 8:4182 | DOI:10.1038/s41598-018-22213-z guidelines were missing, and only 38 patients could be graded. More than half of these patients (n = 22/38, 57.9%) had diastolic dysfunction, and most had mild to moderate diastolic dysfunction.
If we graded the cases according to the mitral inflow measurements detailed in the Methods section, 82% (n = 41/50) of the included patients had diastolic dysfunction. Most of the patients presented with mild and moderate dysfunction. The grading of diastolic dysfunction among the three forms was statistically significantly different: the apical form showed mostly impaired relaxation, the septal form had either impaired relaxation or pseudonormalization, and the concentric form had various levels of dysfunction.
The means of peak TR velocity and left atrial volume index (LAVI) were within normal range. However, although incomplete, the means of tissue Doppler imaging variables suggested diastolic dysfunction: most septal e' (24/33 = 72.7%) values were less than 7, and almost half of the septal E/e' (15/33 = 45.5%) values were larger than 15. Except for A velocity and E/A ratio, no differences were found among the three groups.
Correlations. There were no significant correlations among E/A ratio, DT, LAVI and GSPECT MPI variables. Table 4 shows the significant correlations between GSPECT MPI parameters and diastolic variables on Doppler echocardiography. Septal e' was positively correlated with post-stress LVEF, resting LVEF (Fig. 1a) and resting L/H. Septal E/e' was negatively correlated with post-stress LVEF, resting LVEF (Fig. 1b) , ∆LVEF and resting L/H, and positively correlated with post-stress ESV. Peak TR velocity was positively correlated with resting L/H, and negatively correlated with post-stress histogram skewness. Table 5 shows the significant relationships between interventricular septal (IVS) thickness, LV posterior wall (LVPW) thickness, IVS/LVPW ratio and GSPECT MPI variables. IVS thickness was negatively correlated with LVEF and resting L/H, and positively correlated with post-stress EDV, and post-stress and resting ESV. In addition, LVPW thickness was negatively correlated with LVEF, post-stress histogram skewness and kurtosis, and positively correlated with post-stress EDV, post-stress and resting ESV, phase SD and histogram bandwidth. However, no significant correlations were noted between IVS/LVPW ratios and the GSPECT MPI variables.
Discussion
Myocardial ischemia is commonly seen in patients with HCM, even in those with patent coronary arteries, especially after stress. Myocardial ischemia can predict unfavorable disease, and can be attributable to either microvascular dysfunction or increased LV mass 15, 34 . Decreased myocardial blood flow and LVEF reserve seen on positron emission tomography (PET) studies after dipyridamole stress also implies that subendocardial ischemia can cause transient LV dysfunction 35 . Only one study 36 has discussed HCM with phase analysis, and it compared LV dyssynchrony in patients with HCM before and after alcohol septal ablation. However, they did not mention the HCM classification and only used resting GSPECT MPI. Moreover, the imaging was acquired with conventional gamma cameras with Tc-99 m sestamibi.
To the best of our knowledge, this is the first GSPECT MPI study to assess patients with HCM using a CZT camera with a stress test. Our results reconfirmed that HCM was associated with myocardial ischemia and LV dyssynchrony. Apical HCM was associated with lower post-stress skewness and kurtosis, and the concentric form had the highest post-stress skewness and kurtosis, suggesting more prominent post-stress LV dyssynchrony in apical HCM and more synchronous contraction in the concentric form. On the other hand, although there was a trend that apical HCM was more dyssynchronous in all phase parameters, phase SD and phase histogram bandwidth were not significantly different among the three groups. This could imply that the differences were relatively small, and due to less statistically different phase data between the concentric and septal forms. When we compared the "post-stress" and "resting" data, a larger L/H ratio was seen after stress. This may imply exercise-induced elevations in pulmonary capillary wedge pressure, LV systolic and perhaps diastolic dysfunction 37 . In addition, higher skewness and kurtosis were noted after stress, especially in the concentric form. Chen et al. 38 discussed similar observations in 2012. They found that LV dyssynchrony was more prominent after stress in ischemic myocardium, but that significantly smaller LV dyssynchrony was noted after stress in normal and infarcted myocardium. In other words, unlike ischemic myocardium, stress could cause more synchronous contraction in normal (SSS < 5, SRS < 5) and infarcted myocardium 38 . The patients in our study had SSS 4.7 ± 4.9 and SRS 2.8 ± 3.2 (SSS 3.5 ± 3.4 and SRS 2.3 ± 2.8 in the concentric form), which were closer to the normal myocardium and could indicate milder disease severity.
In the current study, only patients with a LVEF > 50% were enrolled. According to Smiseth et al. 39 , there are three hallmarks in the evaluation of diastolic dysfunction: (1) impaired relaxation, (2) loss of restoring forces, and (3) increased diastolic stiffness. The prior two features could be reflected by a decreased e' 39, 40 , and increased stiffness/poor compliance could be manifested as a high E/A ratio and decreased DT (i.e. grade III diastolic dysfunction) 39 . Based on this mitral flow pattern classification, 82% (n = 41) of the patients had diastolic dysfunction, and mitral flow and E/A ratios were significantly different between the three forms of HCM. E/e' , peak TR velocity and LAVI have been associated with left atrial (LA) pressure and have been used to estimate LV filling pressure 39, 40 . We analyzed 38 patients based on the "normal LVEF algorithm" of the 2016 ASC/EACVI guidelines 33 , and more than half (22/38 = 57.9%) had diastolic dysfunction. E/e' was positively correlated with post-stress ESV, suggesting that increased resting LV filling pressure could predict transient stress-induced LV dilatation. In addition, peak TR The severity of LV dyssynchrony has been linked to the magnitude of LVH and possible diastolic dysfunction either with or without heart failure, and HCM has been shown to be more prominent in LV dyssynchrony than in HCVD 41, 42 . Our results confirmed that the thickness of the LV myocardial wall (either septal or free wall) was associated with LVEF impairment, LV volume dilatation and LV dyssynchrony.
The L/H ratio may reflect pulmonary capillary wedge pressure, and a higher L/H ratio has been associated with LV dysfunction 43, 44 . For thallium-201, the reported upper limit ranges from 0.37 to 0.55 45, 46 . The L/H ratios of both post-stress and resting phases in our cohort were within normal range. Our results showed controversial correlations between resting L/H ratio and diastolic function: with a positive correlation with peak TR velocity; but with negative correlation with E/e' , and positive correlation with e' . This may be due to the limited number of cases. However, we cannot explain the negative correlation between IVS thickness and resting L/H ratio, although the correlation was weak and was not seen for LVPW and post-stress L/H ratio.
Limitations.
The major limitations to this study are related to its retrospective design. The patients' clinical severity differed, but only those with patent coronary arteries and those who underwent both Doppler echocardiography and GSPECT MPI were enrolled. We did not exclude the patients with underlying hypertension, and those with incomplete family history information, and thus patients with HCVD may have been included, and the 5-year risk of SCD may have been underestimated. Although variability has been described between operators, different ultrasound machines and software when measuring tissue velocities 47 , echocardiographic velocity measurements can be more consistent than previously described, and it was clinically feasible to apply the 2016 ASC/EACVI recommendations in this cross-sectional study. However, not all of the patients had complete information regarding the latest guidelines for evaluating diastolic dysfunction, and therefore only 38 (76%) patients could be graded accordingly. Finally, this was a single-center study with a limited number of cases, and the patients with significant arrhythmia, conduction abnormalities, severe valvular disease, or other cardiomyopathies, thus extrapolation of the results to the general population needs further investigations.
Methods

Study population. This study was approved by the Institutional Review Board of Far Eastern Memorial
Hospital (106057-E). The need for written informed consent was waived due to the retrospective nature of the study. All procedures and methods were performed in accordance with the updated guidelines and regulations.
All patients who underwent cardiac catheterization between January 2013 and October 2016 were reviewed, and those with significant (≥50%) coronary stenosis were excluded. The transthoracic Doppler echocardiography and CZT gated SPECT MPI data within 6 months were analyzed. Patients with either a spade-like configuration on invasive left ventriculogram or findings indicative of HCM on echocardiography (i.e., an LV wall thickness ≥14 mm) were enrolled. The patients with a history of significant coronary stenosis (≥50%), myocardial infarction, coronary artery bypass grafting or percutaneous coronary intervention, severe valvular disease, significant arrhythmia (including atrial fibrillation, atrial flutter, frequent atrial and ventricular arrhythmia), conduction disorders (including sick sinus rhythm, second and third degree atrioventricular block, pacing rhythm, and left bundle branch block), documented congenital heart disease, dilated or restrictive cardiomyopathy, Kawasaki disease, or pulmonary embolism were excluded. All of the included patients had sinus rhythm during Doppler echocardiography and GSPECT MPI. Although some patients were comorbid with hypertension, all patients were well-controlled (SBP ≦ 150 mmHg) in the MPI studies, and none was diagnosed with resistant hypertension.
Demographic data were collected from medical records, including age, gender, height, weight, cardiovascular risk factors, major systemic diseases and medications, documented arrhythmia, and family history of SCD. To calculate the 5-year risk of SCD based on the 2014 European Society of Cardiology guidelines 11 , a history of unsustained ventricular tachycardia (VT) and unexplained syncope was also recorded. Figure 2 shows the inclusion algorithm. The enrolled patients were then divided into three groups: those with apical, concentric and septal forms. The concentric and septal forms were discerned according to the ratio of interventricular septum to free wall, and defined as the septal form if the ratio was ≥1.3.
Echocardiography.
Resting Doppler echocardiographic studies were performed using either a GE VIVID 7 (GE Healthcare, Chicago, Illinois, USA), GE VIVID 9 (GE Healthcare, Chicago, Illinois, USA), or Philips iE 33 (Philips Healthcare, Cleveland, Ohio, USA) echocardiography system. The frame rate was set as default, with the GE VIVID at around 100/s and the Philips iE 33 in the range of 70-130/s. Echocardiography was performed by experienced cardiologists, and data including M mode and two-dimensional Doppler imaging were collected. LA and LV dimensions and related indexes were measured. E, A, E/A ratio, DT, peak TR velocity, TRmaxPG, also tissue Doppler imaging variables (e' , E/e') in some cases, were included for diastolic function analysis. To reduce the effect of heart rate variability, each tissue Doppler image was acquired at least twice, and peak velocity measurements were averaged across acquisitions and multiple beats.
According to the latest recommendations by the ASC and EACVI 33 published in 2016, four variables should be considered when considering diastolic dysfunction: (a) septal e' < 7 cm/s or lateral e' < 10 cm/s, (b) average E/e' > 14 (either lateral E/e' > 13 or septal E/e' > 15), (c) LAVI > 34 ml/m 2 , and (d) peak TR velocity > 280 cm/s. If more than half of the available parameters meet the cutoff values, diastolic dysfunction is present; if half of the available parameters meet the cutoff values, it is inconclusive; and if less than half of the available parameters meet the cutoff values, diastolic function is normal. Diastolic dysfunction was then graded using the algorithm published in the 2016 ASC/EACVI guidelines into (1) normal, (2) mild dysfunction/impaired relaxation, (3) moderate dysfunction/pseudonormalization, and (4) severe dysfunction/restrictive filling.
Due to the retrospective nature of the study, some diagnostic variables needed in the latest guidelines were not available. Thus we also graded the cases on the basis of mitral inflow as follows: (1) normal (E/A > 0.8 to < 2, DT > 150 ms, ±septal E/e' < 11); (2) mild dysfunction/impaired relaxation (E/A ≤ 0.8, DT > 150 ms); (3) moderate dysfunction/pseudonormalization (E/A > 0.8 to < 2, DT > 150 ms, ±septal E/e' ≥ 11); and (4) severe dysfunction/restrictive filling (E/A ≥ 2, DT < 150 ms) [48] [49] [50] .
Dipyridamole electrocardiogram-gated MPI protocol. Each patient underwent dipyridamole-stress and rest GSPECT MPI using thallium-201 (Tl-201) with a CZT camera. Dipyridamole was intravenously infused at 0.56 mg/kg over a 4-minute period. A dose of 2 mCi (74 MBq) Tl-201 was then injected at the 7 th minute. The injected dose was 2.5 mCi (92.5 MBq) if the patient weighed more than 90 kg, and 3.0 mCi (111 MBq) if the patient weighed more than 100 kg. At the 10 th minute, an intravenous injection of 75-125 mg of aminophylline was administered to prevent/treat dipyridamole-induced adverse effects. Imaging acquisition began within 5 minutes after the aminophylline injection and was repeated 4 hours later. The CZT gamma camera (Discovery NM 530c, GE Healthcare, Chicago, Illinois, USA) was equipped with 19 pinhole collimators and 19 solid-state CZT detectors along a 180 degree arc. Each detector was 8 × 8 cm in size, and consisted of 32 × 32 (2.46 × 2.46 mm in size) pixilated components. The energy window was set as default for Tl-201: asymmetrically (−14% to +23%) at 70 keV, and symmetrically (−9% to +9%) at 167 keV. Electrocardiogram-gating was also implemented using a built-in system 48, 51, 52 . GSPECT MPI can display pathophysiologic changes and evaluate both LV myocardial perfusion and function in one-step 28 . Regional perfusion was analyzed using a 17-segment model and graded from 0-4 (0 = normal perfusion; 1 = mild defect; 2 = moderate defect; 3 = severe defect, 4 = no perfusion), and SSSs, SRSs and SDSs were determined according to the standards detailed above. Myocardial functional data were also derived, including LVEF and phase information.
Initially proposed in the 1990s, phase analysis is a well-established method to assess dyssynchrony of the LV myocardial wall 32, 53, 54 . By equally dividing every R-R interval into eight frames, counts of each frame can be measured; harmonic Fourier transformation is then used to estimate the onset of mechanical contraction of each region, which is then displayed as phase angle 32, 53 . Phase analysis provides information regarding homogeneity of the onset of the mechanical contraction of each region in the entire left ventricle; in other words, the synchrony of LV 32 . Phase histograms and parameters were automatically derived using QGS software. Figure 3 shows representative examples of histograms of patients without (upper panel) and with LV dyssynchrony (lower panel). The four phase parameters included phase SD, phase histogram bandwidth, phase histogram skewness, and phase histogram kurtosis. Phase SD represents the SD of phase distribution; phase histogram bandwidth includes 95% of the left ventricle myocardium; phase histogram skewness demonstrates the symmetry of the histogram; and phase histogram kurtosis reflects how the histogram is peaked 29, 55 . In the less synchronous left ventricle, a larger phase SD and histogram bandwidth can be observed, as well as smaller histogram skewness and histogram kurtosis 29, 55, 56 . Researchers have also established normal data as follows 32 : phase SD, 14.2 ± 5.1 degrees for men and 11.8 ± 5.2 degrees for women; phase histogram bandwidth, 38.7 ± 11.8 degrees for men and 30.6 ± 9.6 degrees for women; phase histogram skewness, 4.19 ± 0.68 for men and 4.60 ± 0.72 for women; and phase histogram kurtosis, 19.72 ± 7.68 for men and 23.21 ± 8.16 for women. Several phase analysis studies have discussed conduction and mechanical diseases (e.g., left bundle branch block and coronary artery disease), cardiac resynchronization therapy (CRT), ventricular tachyarrhythmia genesis, chronic kidney disease, and heart failure 28, 29, [54] [55] [56] [57] [58] [59] [60] . Statistical analysis. Numerical variables were expressed as mean ± SD, and categorical variables were expressed as percentages. Differences between numerical variables were compared using the paired-T test and one-way ANOVA for parametric data, and Wilcoxon signed-rank test and Kruskal-Wallis test for nonparametric data, as appropriate. Differences between categorical variables were compared using Fisher's exact test. To determine interrelationships between two variables from echocardiography and GSPECT MPI, Pearson's correlation analysis was used if the data were parametric, and Spearman's rank correlation if the data were nonparametric. Comparisons were made between post-stress and resting data and among the three different forms of LVH. Data were analyzed using SPSS software version 22.0 (IBM Corp., Armonk, New York, USA). All p-values were 2-sided, and a p-value < 0.05 was considered to be statistically significant.
Data availability. The data are available from the corresponding author on reasonable request.
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Conclusion
By combining GSPECT MPI and Doppler data, we showed that LVH in patients with suspected HCM was associated with myocardial ischemia, LV mechanical dyssynchrony and diastolic dysfunction. We also found that dyssynchrony was slightly different among the three forms of HCM, and the correlations could help demonstrate trivial functional changes.
